Background Obstructive sleep apnea (OSA) is the most common cause of resistant hypertension, which has been proposed to result from activation of the renin-angiotensin-aldosterone system (RAAS). We meta-analyzed the effects of OSA on plasma levels of RAAS components. Methods Full-text studies published on MEDLINE and EMBASE analyzing fasting plasma levels of at least one RAAS component in adults with OSA with or without hypertension. OSA was diagnosed as an apnea-hypopnea index or respiratory disturbance index ≥ 5. Study quality was evaluated using the Newcastle-Ottawa Scale, and heterogeneity was assessed using the I 2 statistic. Results from individual studies were synthesized using inverse variance and pooled using a random-effects model. Subgroup analysis, sensitivity analysis, and meta-regression were performed, and risk of publication bias was assessed. Results The meta-analysis included 13 studies, of which 10 reported results on renin (n = 470 cases and controls), 7 on angiotensin II (AngII, n = 384), and 9 on aldosterone (n = 439). AngII levels were significantly higher in OSA than in controls [mean differences = 3.39 ng/L, 95% CI: 2.00-4.79, P < 0.00001], while aldosterone levels were significantly higher in OSA with hypertension than OSA but not with hypertension (mean differences = 1.32 ng/dL, 95% CI: 0.58-2.07, P = 0.0005). Meta-analysis of all studies suggested no significant differences in aldosterone between OSA and controls, but a significant pooled mean difference of 1.35 ng/mL (95% CI: 0.88-1.82, P < 0.00001) emerged after excluding one small-sample study. No significant risk of publication bias was detected among all included studies. Conclusions OSA is associated with higher AngII and aldosterone levels, especially in hypertensive patients. OSA may cause hypertension, at least in part, by stimulating RAAS activity.
Introduction


Obstructive sleep apnea (OSA) is a sleep-related breathing disorder characterized by repeated episodes of upper airway occlusion during sleep. [1] [2] [3] It is the most common cause of resistant hypertension and is observed in 30% 40% of patients with hypertension. In particular, OSA is observed in 60%70% of patients with resistant hypertension, which increases risk of cardiovascular disease-related morbidity and mortality. [4] [5] [6] [7] How OSA contributes to hypertension is unclear, with various neurohumoral mechanisms proposed that involve intermittent hypoxia, sympathetic nervous system hyperactivity, activation of the renin-angiotensin-aldosterone system (RAAS), aldosteronesodium interaction and sodium retention, oxidative stress, or endothelial dysfunction. [8] RAAS activation is a well-established pathway contributing to hypertension. In the RAAS, renin converts angiotensin into angiotensin I (AngI), which is converted to AngII by angiotensin-converting-enzyme (ACE). [9] AngII binds to the AngII receptor type 1 (AT1), causing an increase in blood pressure. Elevated levels of renin and aldosterone in proximal tubules lead directly to hypertension, and inhibition of ACE, AngII or AT1 can lower blood pressure. [10, 11] In addition, activation of mineralocorticoid receptor, an aldosterone-dependent transcription factor, as a result of oxidative stress or sympathetic to reactivation has been linked to resistant hypertension. [10] Thus blockade of mineralocorticoid receptor can lower blood pressure. [10] Given that both OSA and RAAS activation occur frequently in patients with resistant hypertension, several stud-ies have examined whether OSA influences the RAAS and thereby contributes to hypertension. Some studies have associated OSA with excess aldosterone. Patients at high risk of OSA are more likely to suffer primary hyperaldosteronism, and risk of OSA is higher in patients with hyperaldosteronism and lower renin activity than in those without hyperaldosteronism. [12, 13] Excess aldosterone leads to edema of nasopharyngeal tissues, including tissues in the upper airway. This leads, in turn, to airway obstruction and exacerbates sleep apnea. [8, [13] [14] [15] [16] [17] [18] [19] [20] [21] The mineralocorticoid receptor antagonist spironolactone, often used as an add-on anti-hypertensive therapy, can reduce OSA severity by nearly 50% in patients with resistant hypertension. [22] More systematic investigation of the potential association between OSA and RAAS activity is lacking with most studies assaying plasma levels of only one or two RAAS components, and results of these studies are sometimes conflicting. [4, 23] In order to obtain a more comprehensive understanding of the potential effects of OSA on RAAS, we meta-analyzed available evidence in MEDLINE and EM-BASE.
Methods
Eligibility criteria
This meta-analysis was performed following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. [24] We sought to identify all studies that explored the possible relationship between OSA and plasma levels of RAAS components, in the presence or absence of hypertension. Studies in any language and any year of publication were included in the meta-analysis if they: (1) analyzed participants who were at least 18 years old; (2) defined OSA based on a threshold value of at least 5 on the apnea-hypopnea index (AHI)or respiratory disturbance index (RDI), corresponding to at least 5 events measured by polysomnography; [25, 26] (3) reported plasma levels of at least one RAAS component as mean ± SD or median with range; and (4) were available as full text on-line.
Literature searching
Eligible studies were identified by searching the MED-LINE and EMBASE databases through July 31, 2015. Conference abstracts were not searched, since most abstracts do not provide enough data for meta-analysis. We independently searched the literature databases using keywords related to OSA, sleep disordered breathing and the RAAS. The detailed search strategy is shown in Figure 1 . 
Study selection and data extraction
We identified eligible studies independently based on the inclusion criteria, and then independently extracted data from included studies using a predetermined form. Discrepancies in study selection and data extraction were resolved by discussion.
The following data were collected from each study to the extent possible: last name of first author, year of publication, sample size, demographic details of subjects, plasma levels of RAAS components, OSA definition, outcomes and primary results. We also collected data on whether subjects had hypertension or a history of antihypertensive medication since we planned to do subgroup analysis and meta-regression.
Quality assessment of included studies
We assessed the quality of each included study using the Newcastle-Ottawa Scale (NOS), [27] a tool for evaluating non-randomized studies. This tool evaluates a case-control/cohort study on eight items categorized into three groups: selection of study participants (0-4 stars); comparability of groups (0-2 stars); and ascertainment of exposure or outcome of interest (0-3 stars). The highest possible score is nine stars; a score of three or less is considered to indicate poor quality; four to six, moderate quality; and seven to nine, high quality. Discrepancies in study assessments between the two authors were resolved through discussion.
Statistical analysis
All statistical analyses were carried out using RevMan 5.2 (The Cochrane Collaboration), and the significance threshold was a two-tailed P < 0.05. To allow pooling of data for meta-analysis, we converted the plasma levels of RAAS components into standard units: ng/mL per hour for plasma renin activity (PRA), U/mL for plasma renin concentration (PRC), ng/L for AngII, and ng/dL for plasma aldosterone concentration (PAC). Conversions were carried http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology out using the following molecular masses: renin, 40000 Da; angiotensin, 1046.19 Da; and aldosterone, 360.4 Da. Since we were unable to pool PRA and PRC values, each renin outcome was meta-analyzed separately.
Data were pooled using the inverse variance method to yield pooled mean differences (MDs) in the plasma levels of RAAS components. Heterogeneity of pooled data was assessed using the I 2 statistic, with values of 25%49% considered to indicate low heterogeneity; 50%74%, moderate; and 75%100%, high. We planned to perform meta-analyses using a random-effects model in the event of high heterogeneity; otherwise, we planned to use a fixed-effects model.
To identify sources of heterogeneity, we assessed risk of publication bias using Egger's test. We also performed subgroup and sensitivity analyses as well as meta-regression. Egger's test and meta-regression were performed using STATA 12 (Stata Corp, College Station, TX).
Results
Study selection
A total of 444 potentially eligible studies were reviewed, and 37 were selected on the basis of the title and abstract ( Figure 2 ). Of these studies, 21 were excluded based on full-text review because they focused on medical treatment of OSA and RAAS (n = 11), did not report results as MDs or as medians and interquartile ranges (n = 7), or assigned individuals with mild OSA to the control group (n = 3). In the end, we meta-analyzed plasma renin levels in 10 studies involving 470 subjects, AngII levels in 7 studies involving 384 subjects, and aldosterone levels in 9 studies involving 439 subjects. [23, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] 
Study characteristics
Key characteristics of the 13 unique studies in this review are outlined in Table 1 . Most studies involved middle-aged men from Europe (Spain, Italy, Greece, Denmark and France) and Asia (Korea, China and Japan). Subgroup analysis was performed to compare patients with or without hypertension when examining the relationship between OSA and aldosterone levels. For this analysis, patients were included in the "hypertension" subgroup if they were reported to have abnormal blood pressure at baseline and the respective study defined abnormal blood pressure. Patients were included in the "no hypertension" subgroup only when they were explicitly described as normotensive in the respective study. One study examined the association between OSA and levels of RAAS components in subjects with or without metabolic syndrome (MS). [23] Given that patients without MS could safely be assumed not to have hypertension but that those with MS did not necessarily have hypertension, we included only patients without MS in the "no hypertension" subgroup.
Quality assessment of studies
NOS scores for each included study are shown in Table 2 . There were 12 case-control studies and one cohort study. [23, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Among these studies, six that accounted for 63.9% of subjects received an overall score of seven to nine points, indicating high NOS quality. [23,2831,37] One study received only two points and was considered as poor quality. [33] All case-control studies defined the "selection" of cases adequately and all but one of these studies defined controls adequately, meaning that they used the same polysomnography method to define OSA and controls. [33] Four out of 12 case-control studies, accounting for 39% of subjects, enrolled patients consecutively and featured OSA groups that represented well the larger OSA patient population. [28, 29, 31, 36] Only one study relied on community-based controls, while the others used hospital populations. [31] When assessing the comparability of study groups, we awarded a study one star (one point) if it controlled for age and a second star if it controlled for body mass index (BMI), since these are among several variables that may confound observed associations of OSA and levels of RAAS components. [4, 40, 41] Seven out of the 12 studies, accounting Cho, et al.
Barcelo, et al.
Di Murro, et al.
Svatikova, et al.
Studies could receive 2-4 ★ for each item, except for "Comparability of cases and controls", for which one ★ was awarded if the study controlled for age as the most important factor and another ★ if it controlled for BMI as an additional factor. BMI: body mass index.
http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology Table 3 . Quality assessment of cohort study included in the meta-analysis, based on the Newcastle-Ottawa Scale. Wang, et al.
Studies could receive 2-4 ★ for each item, except for "Comparability of cohorts", for which one ★ was awarded if the study controlled for age as the most important factor and another ★ if it controlled for BMI as an additional factor. BMI: body mass index.
for 57.1% of subjects, received the maximum of two stars; [23, 29, 30, 34, 35, 38, 39] three studies, accounting for 27.91% of subjects, received one star for controlling age; [28, 31, 32] and the remaining two studies received no stars. [33, 36] When assessing exposure, all studies rewarded one star for the ascertainment method they used to assure the OSA. We awarded stars to all studies because they used the same method to examine cases and controls; the exception was Hu, et al. [33] , who did not explicitly mention whether they used the same or different method. Seven studies accounting for 72.8% subjects, reported non-response rates and rewarded a star. [23,2832,36] Only one cohort studyreceived all possible nine stars on NOS scores. [37] 
Association of OSA with PRA and PRC
Five studies were meta-analyzed for PRA and another five for PRC in order to identify relationships between renin levels and OSA. [23, [28] [29] [30] [31] [32] [33] [34] [35] [36] Heterogeneity was significant among the studies of PRA (I 2 = 82%, P = 0.0002) as well as among the studies of PRC (I 2 = 78%, P = 0.001). Using random-effects models, we calculated that the pooled MD in renin level was 0.17 ng/mL per hour (95% CI: -0.22 to 0.55, P = 0.40) for PRA and 0.95 ng/mL (95% CI: -0.58 to 2.48, P = 0.23) for PRC (Figures 3,4) . These results indicate no significant association between OSA and renin levels. 
Association of OSA with AngII
Data from seven studies on a possible association between OSA and plasma levels of AngII showed high heterogeneity (I 2 = 95%, P < 0.00001); [31] [32] [33] [36] [37] [38] [39] mean plasma levels ranged from 5.19 to 18.73 ng/L in OSA patients and 3.0 to 13.42 ng/L in controls. Meta-analysis using a randomeffects model revealed a pooled MD of 3.39 ng/L (95% CI 2.00 to 4.79, P < 0.00001; Figure 5 ). These results suggest a significant association between OSA and higher AngII.
Association of OSA with PAC
Data from nine studies on a possible association of OSA with serum PAC showed high heterogeneity (I 2 = 78%, P < 0.00001), with mean PAC ranging from 3.39 to 29.20 ng/dL in OSA patients and 2.24 to 26.21 ng/dL in controls. [23, [28] [29] [30] [31] [32] [34] [35] [36] Meta-analysis using a random-effects model indicated a pooled MD of 0.95 ng/dL (95% CI: -0.16 to 2.07, P = 0.09; Figure 6 ).These results suggest no significant association between OSA and PAC. 
Subgroup analysis
To probe further for possible relationships between OSA and PAC, we performed subgroup analyses separately for patients with hypertension (n = 286) and for those with no hypertension (n = 120). [23, [28] [29] [30] [31] [32] [33] [34] [35] [36] We excluded the study by Barcelo, et al. [23] from the hypertension subgroup because their patients with metabolic syndrome did not necessarily have hypertension. Data in the resulting hypertension subgroup showed no significant heterogeneity (I 2 = 19%, P = 0.29), and random-effects meta-analysis indicated a pooled MD of 1.32 ng/dL (95% CI: 0.58 to 2.07, P = 0.0005; Figure 7) . Data for the no-hypertension subgroup showed high heterogeneity (I 2 = 94%, P < 0.00001), and random-effects meta-analysis indicated a pooled MD of -1.63 ng/dL (95% CI: -7.74 to 4.49, P = 0.60). These results suggest that OSA is associated with higher PAC specifically in the presence of hypertension.
Meta-regression
Medications taken by OSA patients prior to RAAS measurements may have artificially increased or reduced AngII/aldosterone levels, causing so-called "AngII/aldosterone escape". [23, [42] [43] [44] This confounding may have contributed to the high heterogeneity among all nine studies analyzing OSA and serum PAC. To explore this possibility, we performed a meta-regression comparing use of antihypertensive medication with PAC levels, which gave a regression coefficient of 0.07 (P = 0.958, Figure 8 ). This suggests that antihypertensive drug history did not contribute significantly to the heterogeneity in studies of OSA and PAC. 
Sensitivity analysis
Our quality assessment revealed substantial differences among the studies, which may have contributed to the observed heterogeneity during data pooling. Therefore, we performed two sensitivity analyses. First, we removed the study by Maillard, et al. [35] because of its extremely small sample size (seven patients and five controls). This substantially reduced heterogeneity in both the hypertension subgroup (I 2 = 0%, P = 0.91) and no-hypertension subgroup (I 2 = 18%, P = 0.28), leading to a significant pooled MD of 1.47 ng/dL (95% CI: 0.73 to 2.20, P < 0.0001) for PAC in the no-hypertension subgroup ( Figure 9 ). It also led to a significant pooled MD of 1.35 ng/dL (95% CI: 0.88 to 1.82, P < 0.00001) across all nine studies analyzing the potential association between OSA and PAC ( Figure 10 ). In this way, deleting one small study changed the whole-group and subgroup analyses of the relationship between OSA and PAC. Meanwhile, we performed another sensitivity analysis by removing the study of Hu, et al. [33] because of the poor NOS score. This did not significantly change the relationship between PRC (μU/mL) and OSA (Figure 11 ), or that between plasma AngII and OSA (Figure 12 ).
Risk of publication bias
Egger's test suggested no significant risk of publication bias among the seven studies examining OSA and plasma levels of AngII (P = 0.167) or among the nine studies examining OSA and serum PAC (P = 0.622).
Discussion
To our knowledge, this is the first meta-analysis to assess evidence for an association between OSA and RAAS components. Our results suggest that OSA is associated with RAAS activation, which may help explain the well-established link between OSA and hypertension, particularly resistant hypertension. Patients with OSA have higher serum levels of AngII than non-OSA controls, and hypertensive patients with OSA have higher aldosterone levels than controls. In contrast, renin levels are similar between OSA patients and controls.
Our results are consistent with those of a clinical study involving 71 subjects, in which plasma aldosterone levels, but not renin levels, were associated with severity of OSA (defined as AHI ≥ 5) in patients with resistant hypertension. [45] Another study found higher prevalence of OSA among patients with hyperaldosteronism (18%) than among controls (8.8%); [13] in fact, risk of OSA was 1.8-fold higher in patients with hyperaldosteronism after adjusting for risk factors associated with OSA and hypertension, including sex, age, body mass index, ethnicity, diabetes mellitus and chronic heart failure. Together, these previous results and the present study suggest that aldosterone may contribute to both OSA and resistant hypertension.
The small number of studies in this meta-analysis precluded subgroup analysis based on gender or ethnic differences. This question requires further study since one study reported higher incidence of OSA, more severe OSA and [33] OSA: obstructive sleep apnea.
higher plasma aldosterone levels in men with resistant hypertension than in women with the same condition. [45] Another study has reported higher renin levels in men than women, and higher levels in Caucasians than in blacks. [42] Since most studies in our review did not stratify patients by OSA severity, we were unable to examine whether the apparent effects of OSA on RAAS activation vary with severity. One study reported that AHI correlated negatively with renin levels but positively with aldosterone levels. [46] AHI > 30 was associated with significantly higher renin and aldosterone levels, both before and after saline load, than AHI 5-15. On the other hand, two studies involving 422 and 114 patients with hypertension found no significant differences in plasma levels of renin or aldosterone between patients with moderate/severe OSA or no/mild OSA based on polysomnography, or between patients at high or low risk of OSA based on the Berlin Questionnaire. [12, 47] Neither of these studies was included in the present meta-analysis because the control groups contained individuals with mild OSA. Future work is needed to examine whether the extent of RAAS activation depends on OSA severity.
This question is important for understanding the pathway(s) linking OSA and RAAS activation. Several pathways have been proposed, one of which involves hypoxia. The recurring upper airway collapse in OSA causes intermittent hypoxia, which increases plasma levels of both renin and aldosterone in animal models. [8, [48] [49] [50] Intermittent hypoxia also increases AT1 expression and AngII stimulation of the receptor in the carotid body in rats. [51, 52] Conversely, continuous positive airway pressure therapy to treat OSA down-regulates RAAS components and reduces blood pressure. [53] [54] [55] [56] These findings, together with our meta-analysis showing higher AngII levels in patients with OSA than in controls and higher aldosterone levels specifically in patients with hypertension, argue that RAAS activation plays a role in OSA and in OSA-associated hypertension.
Strengths and limitations
This meta-analysis provides a reliable assessment of available evidence linking OSA and RAAS activation for several reasons. No language or date limitations were applied during our literature searches; in fact, several studies in the meta-analysis were published in Chinese. Our subgroup analyses comparing patients with or without hypertension provided specific evidence linking OSA, RAAS activation and hypertension. Meta-regression allowed us to rule out potential confounding effects of antihypertensive drug use on reported associations between OSA and RAAS.
At the same time, the present study has several limitations. First, significant heterogeneity was present in many of the meta-analyses. This is likely due in part to small sample size, since excluding the smallest study substantially reduced heterogeneity. [35] It likely also reflects that most studies in the meta-analysis grouped individuals with or without hypertension together in OSA cohorts. Consistent with this, we found that OSA was associated with aldosterone level only in patients with hypertension. Thus, more studies needed to explore the relationships among aldosterone, OSA and hypertension. Second, we did not perform subgroup analyses based on gender or ethnicity because of the small numbers of participants. Third, we had to perform subgroup analysis based on whether studies measured renin levels in terms of PRA or PRC, since the two types of measurement cannot be compared directly. Both approaches have advantages, since PRC assays are more reproducible but PRA assays measure very low levels of renin more accurately. [57] These three limitations highlight the need for much larger studies that will allow appropriate subgroup analyses.
A fourth limitation is that most studies did not consecutively enroll cases and all but one drew their controls from hospital populations, rather than from the community. This seriously limits the representativity of the study populations.
Conclusions
While the literature on OSA and RAAS is limited by small samples and lack of subgroup analyses to assess effects of various potential confounders, the available evidence suggests that OSA is associated with higher AngII
